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ABSTRACT OF THE THESIS

The magnetic characterization of metal-doped synthetic melanin nanomaterials

by

Kristine S. Cay

Master of Science in Chemistry

University of California San Diego, 2020

Professor Jeffrey D. Rinehart, Chair

Synthetic melanins are incredibly versatile materials that have captured the attention of

chemists and materials scientists due to the remarkable properties they share with natural melanins,

such as adhesion, sequestration of metals and organic molecules, and biocompatibility. The facile

and sustainable production of these materials involves oxidation of the catechol moiety of the

dopamine monomer in mild and alkaline conditions, inducing the polymerization of the starting

material into polydopamine. These materials have myriad applications, in areas such as energy

XXi



(e.g. lithium ion batteries, supercapacitors), water treatment (e.g. metal and organic pollutant
removal, desalination), and biomedical sciences (e.g. drug delivery, imaging contrast agents). The
structure and function of these polydopamine materials is discussed in further detail in Chapter 1.
Chapter 2 describes the materials and methods used to prepare synthetic melanins for
characterization via magnetometry to probe the effects of small variations employed in the
synthetic procedures on the electronic structure of these materials. In Chapter 3, the results of this
work are discussed, showing evidence of the buffer solution’s influence on the magnetic behavior

of the samples. Finally, Chapter 4 proposes future studies for the continuation of this project.

xXii



CHAPTER 1: INTRODUCTION TO SYNTHETIC MELANIN MATERIALS

1.1 Introduction to Melanin and its Synthetic Analogues

Melanin is a broad term used to describe a ubiquitous, poorly defined, dark biopolymeric
pigment that is produced in melanocytes, adipocytes, neurons, and in the pigmented epithelium of
eye retina.> Melanins are responsible for color in living cells as well as protective properties against
ultraviolet (UV) radiation and is generally biosynthesized through the enzymatic oxidation of L-
tyrosine by tyrosinase, exhibiting a broad variety of properties, including light absorbance,
reductive-oxidative properties, and metal chelation.?® In humans in three forms: (i) brown-black
eumelanin, (ii) yellow to reddish-brown pheomelanin, and (iii) neuromelanin.* Whereas
eumelanins are derived from 5,6-dihydrxyindoles (DHI), pheomelanins are biosynthesized
through the involvement of cysteine residues in the enzymatic oxidation of tyrosine, forming
cysteinyldopas, and neuromelanin, found in the subsantia nigra of the brain, is derived from
dopamine moieties.>®

Despite extensive study of this pigment, with the discovery of melanocytes in the mid-
twentieth century and studies of human pigmentation disorders dating as early as ca. 2200 B.C.E,
the exact structure of melanin, the organization of its constituent molecules, and the mechanism
by which the polymerization occurs have yet to be unambiguously determined.*’ Several factors
contribute to the challenge of isolation and characterization of natural melanins. For example,
melanins are not indefinitely stable and may undergo structural degradation given prolonged
storage to certain chemical conditions (e.g. acidic, alkaline, oxygenated, peroxidic), or may suffer
alterations due to exposure to elevated temperatures or light. Moreover, the difficulty in isolating

this pigment can be dependent on its source. To give an example, sepia melanin, or sepia ink, is



one of the most accessible sources of eumelanin and can be isolated by centrifugation and storage
in dilute acid at 4°C. In contrast, the isolation and purification of human neuromelanin is
extraordinarily complex, as the pigment is securely retained within the tissue matrix in the brain
and contains several impurities, such as glycolipids, chelated metals, and proteins, further
complicating the purification process.®

To address challenges in characterizing natural melanin, recent progress has been made in
the design and characterization of synthetic melanin mimics. The most common of these is
polydopamine (PDA), a material that has been widely investigated and for which over twenty
thousand studies have been published since 2007.4%° PDA is a black amorphous polymer that can
be synthesized through aerobic autoxidation of a catecholamine, typically dopamine (DA),
although other analogues have incorporated L-3,4-dihydroxyphenylalanine (L-DOPA) as the
starting monomer, in alkaline conditions, however a variety of other starting monomers have been

found in the polymer (Scheme 1.1).%1!
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Scheme 1.1. Polymerization sites of monomer units found in PDA. (Adapted with permission from Reference 9.
Copyright 2019 John Wiley & Sons, Inc.).

As shown in Scheme 1.1, the monomer moieties ostensibly polymerize in a variety of
positions, demonstrating the complexity of characterizing the material. Since the structure of PDA
is largely dependent on the means of preparation and the morphology of the material (i.e. film
coating, nanoparticulate, aggregated material), the analytical results and structural characterization

of different samples should be carefully compared.®



1.1.1 Structural Characterization

It has been previously proposed that eumelanin is comprised of a mixture of covalent
polymers (C—C bonding) and non-covalent aggregates, which stack through z—z and hydrogen-
bonding interactions. Drawing from these propositions, several analytical methods have been
applied in an attempt to elucidate the general structure of PDA.*? Until recently, two structural
models were prominently assumed: the “open-chain polycatechol/quinone” model, where linear
sequences of catecholamine units were covalently linked through biphenyl-type bonds, and the
“eumelanin” model, in which 5,6-dihydroxyindole (DHI) moieties polymerized through the
cyclization and linking of dopaminequinone.®®* However, further examination of the literature
suggests that PDA polymerizes in a similar fashion to hydroquinone or catechol moieties.*6-8

In 2012, a study by Dreyer et al. proposed a new structural model of PDA. Using solid
state nuclear magnetic resonance (ssSNMR) spectroscopy to analyze a dried solid sample, the 1°N-
NMR spectrum revealed a chemical shift (8) near —260 ppm, implying the presence of a nitrogen
heterocycle, such as an indole or indoline moiety. These have been proposed to be involved in the
structural composition of many eumelanins. The higher chemical shifts PDA-based peaks and the
absence of signals indicative the presence of a primary amine, the authors concluded that the
dopamine starting material underwent cyclization and that the tris(hydroxymethyl)aminomethane
(Tris) buffer did not incorporate into the structure of the polymer to a significant extent. Studies
using 3C-NMR exhibited a pair of chemical signals spanning from § = 110 ppm to & = 150 ppm,
which were also present in the solution state spectrum of the dopamine moiety, confirming that
the aromatic ring of the molecule was retained. Furthermore, a shift observed at 6 = 173 ppm
showed that the catechol group of the dopamine starting material underwent partial or complete

oxidation to the semi- and ortho-quinones, respectively. Chemical shifts between 6 = 30 ppm to 6



=70 ppm are also, characteristic of saturated aliphatic carbons, further corroborating the formation
of an indoline product. Absence of any peaks indicating the presence of unsaturated olefins
confirmed that no indole species had been produced. Powder X-ray diffraction (PXRD) was then
performed to determine the presence of extended z—= stacking interactions. The findings of these
analyses indicated that the monomers stacked with a 3.8 Angstrém (A) d-spacing, consistent with
other materials exhibiting z-stacking, which, the authors suggest, either facilitate or are a result of
charge transfer between the faces of the monomers. Their collective analyses propose that PDA is
a supramolecular aggregate of monomers, as opposed to the previously proposed mixed model of
covalent polymers and non-covalent aggregates.'?

To further investigate the structure of PDA, Liebscher et al. used carbon-13 cross-
polarization polarization-inversion magic angle spinning NMR (}*C CPPI MAS NMR), proton
magic angle spinning NMR (*H MAS NMR), electrospray ionization high-resolution mass
spectrometry (ES-HRMS), X-ray photoelectron spectroscopy (XPS), and Fourier transform
infrared (FTIR) spectroscopy in a 2013 study.'® Samples were prepared using two previously
reported methods, using either Tris buffer or phosphate buffer.?® Their FTIR spectroscopic
findings revealed no discrepancies between either sample. *H-NMR analysis revealed chemical
shifts that were consistent with the existence of indole and 2,3-dihydroindole moieties within the
polymer. Chemical shifts of 6 = 30 ppm and & = 40 ppm suggested the presence of aliphatic carbons
that may be assigned to those in the five-membered ring of indole and indoline species, or to the
noncyclized aminoethyl units in dopamine or o-quinone moieties. Additionally, spectra showed
signals at & = 145 and between 6 = 170 — 180 ppm, characteristic of phenolic carbons and carbonyl
carbons, respectively, suggesting the presence of a diketone, a diol, or a species containing both

ketone and hydroxy functionalization. The possibility of monomers containing a saturated



bridgehead C—H carbon was eliminated for lack of a chemical shift around 6 = 60 ppm. While all
reported major signals were consistent with those of Dreyer’s study, other features not previously
reported were revealed in Liebscher’s cross-polarization (CP) studies. Namely, chemical shifts at
& = 27 ppm and 6 = 104 ppm were assigned to a benzylic CH; carbon and the C—H carbon at
position 3 of the pyrrole ring in an indole moiety, respectively. The collective NMR analyses give

rise to the proposed structure of PDA illustrated in Scheme 1.2.*°

Scheme 1.2. Proposed structure of PDA. (Adapted with permission from Reference 19. Copyright 2013 American
Chemical Society).

Results from MALDI-MS indicated the presence of open-chain dopamine units and

suggests the existence of oligomers bearing different degrees of saturation, while finding from the
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XPS experiments showed the absence of bands characteristic of imine nitrogens, as proposed by
Shalev.®2! Given these results, several previously published hypotheses corroborate one another,
while others were found to be contradictory.

In a 2014 study by Della Vecchia et al., it was found that Tris buffer was incorporated into
the structure of the PDA polymer.?? PDA samples were all prepared at pH = 8.5 with either
phosphate, bicarbonate, or Tris buffers. To analyze each of the buffer’s effects on the size of the
nanoparticle, dynamic light scattering (DLS) measurements were taken for each sample. The
findings of these experiments revealed that the extent of aggregation in the material is dependent
on the DA concentration and monomers or small oligomers are added to the growing polymer
chain with a low size dispersion during polymerization, while aggregation of larger oligomers
occurred to a much lesser degree. Furthermore, average particle size appeared to be dependent on
the buffer used in the preparation of the material, being larger when prepared with phosphate
buffer, whilst particles prepared with Tris were markedly smaller. To examine the morphology of
the nanoparticles, Small-Angle Neutron Scattering (SANS) studies were conducted. The results
from these analyses suggested that while there appeared to be two-dimensional structures in the
samples prepared with the phosphate and bicarbonate buffers, which is consistent with previous
reports, the material prepared with Tris buffer appeared to have a three-dimensional fractal
morphology. Electron Paramagnetic Resonance (EPR) experiments were then performed on dried
samples to study the effects of both structural modification due to the buffer, as well as the
aggregation mechanisms, on the paramagnetic centers of the polymer. From these studies, it was
concluded that while signals attributed to carbon-centered radicals were predominant, the semi-
quinone signal was also detected for all three cases and was particularly significant in the spectrum

of the material prepared in Tris. The comprehensive results strongly support a monomer-polymer



growth regime, as opposed to a polymer-polymer growth regime, that can be tuned by varying
experimental parameters. The model proposes rapid aggregation of small oligomer chains that
arrange in distinct units which grow gradually in a comparatively homogenous manner, forming
larger structures.

A 2018 study by d’Ischia and colleagues utilised matrix-assisted laser
desorption/ionization—-mass spectrometry (MALDI-MS) to determine that PDA is structurally
different from DHI-based melanins. Their studies exhibited that PDA is not comprised of moieties
that are compatible with DHI-based oligomers which form the melanin biopolymer. Additional
findings of this study concluded the PDA films were deposited with structural components that
were unrelated to DHI oligomers or porphyrin-type tetramers, such as those found in melanin,
using atomic force microscopy (AFM) and Raman spectroscopy.?*

In 2019, Delsparastan et al. applied AFM-assisted single molecule force spectroscopy
(SMFS) toward investigating the presence of significant polymeric fragments in the structure of
polydopamine. PDA film samples were deposited onto SisN4s AFM cantilevers. Their analyses
indicated that their PDA film samples were comprised of high-molecular-weight polymer chains
whose subunits were covalently bonded. While the results of this study confirmed the presence of
polymers in the overall structure of PDA, it cannot be concluded that smaller oligomer components
and small-molecule (smolecule) monomers are non-existent. Furthermore, it was found that PDA
chains were associated by weak, reversible, and noncovalent interactions and that PDA chain
growth occurs at the solid-liquid interface during the early stages of polymer synthesis.
Collectively, these results agree with the notion that PDA is comprised of both covalent C—C bonds

as well as non-covalent interactions amongst larger oligomer chains, contrasting the most common



hypothesis that PDA is a supramolecular aggregate of monomeric and/or oligomeric subunits held
together by weak noncovalent interactions.?

In summary, much work has been done in attempt to uncover the perplexing structure of
PDA, and while the results of some appear to corroborate those of previous studies, others seem
to contradict one another. Although several structural properties of this material have been
uncovered through various investigations, the exact structure of PDA has yet to be unambiguously

determined and requires further examination.

1.1.2 Mechanistic Studies

While there has been much success in the development of synthetic melanins and materials
with catechol functionalization, the structure of these polymers and the mechanisms by which they
are formed are much less understood.?® Several mechanisms have been proposed in a myriad of
previous investigations, beginning with the study of the structure and polymerization of melanins.
For example, it is known that eumelanin and pheomelanin are both derived from a common
precursor, dopaquinone (DQ), which is formed through the oxidation of L-tyrosine by tyrosinase.?’
It had been speculated that 3,4-dihydroxyphenylalanine (Dopa) was precursor to DQ, until
Cooksey et al. demonstrated that o-quinones are formed immediately in the beginning stages of
melanogenesis.?® The ethylamine of DQ undergoes cyclization to form cyclodopa, or
leukodopachrome, which participates in a redox exchange with DQ, producing dopachrome, an
orange-red intermediate, as well as.?>* The proposed biosynthetic pathway of the formation of

eumelanin and pheomelanin are illustrated in Scheme 1.3.%
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(Adapted with permission from Reference 27. Copyright 2019 John Wiley & Sons, Inc.).

The mechanism of eumelanin biosynthesis was derived from a postulation by Raper and
Mason several decades before (Scheme 1.4).2%2° Though Raper’s study of the tyrosinase-tyrosine
reaction puts forth several hypotheses for the pathway by which melanin is formed, there was
much uncertainty surrounding the exact mechanism for the pigment’s formation at the time of
publication. For example, there was early debate whether the ethylamine cyclized at the 2- or 6-
position; however, given extensive study of this material, it has been presently confirmed
cyclization occurs at the 6-position.®! It is worth noting that the melanin experimentally obtained
from tyrosine via enzymatic oxidation by tyrosinase may not be identical to the pigment that is
naturally produced in melanocytes, though it is likely that the former is an essential precursor in
the production of natural melanin.?® Scheme 1.4 illustrates the most probable currently proposed

pathway for the biosynthesis of melanin.
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The Raper-Mason scheme implies that the polymerization of synthetic melanins proceeds
primarily through the formation of covalent bonds. As discussed in Section 1.1.1, there exists a
combination of both covalently bonded oligomers as well as non-covalently interacting oligomer
chains. A 2012 study by Hong et al. revealed that a significant amount of dopamine remains
unpolymerized to instead form a physical, self-assembled trimer of (DA)./DHI is present in PDA,
which has been known to form via covalent polymerization, and is tightly enclosed within the
polymer complex (Scheme 1.5). Remarkably, the previously proposed oxidative polymerization
appears to occur simultaneously with the physical self-assembly of the trimer, indicating that
polydopamine is produced through two distinct pathways. Additionally, it is speculated that the
results of this study may likely be distinctive, as the PDA samples were prepared with phosphate
buffered saline (PBS) solution, as opposed to the traditional use of Tris buffer. The formation of
polydopamine in this study was monitored using High-Performance Liquid Chromatography Mass

Spectrometry (HPLC-MS). Two elution peaks were detected, one at 5.0 minutes, indicative of the
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presence of unpolymerized dopamine, and another at 14.4 minutes. Upon addition of the oxidizing
agent sodium periodate, no shift in the elution times was observed, suggesting that the chemical
structure of the eluate remained unchanged. Upon further spectrometric analysis, it was concluded
that the compound that eluted at 14.4 minutes were physical assemblies of DA/DHI/Na*, DA/DHI,
and possibly (DA)2/DHI. Investigations using H-NMR provide evidence that an oxidative
reaction occurs at the 2-position in DHI, resulting in the formation of a 2,2-linked DHI-DHI dimer,
which can further react with dopamine to form a DA-DHI-DHI trimer. Polymer formation and
intermolecular interactions that cause precipitation of the polymer were evaluated using a variety
of computational methods, for which four models were devised: (i) a T-shaped interaction between
a DA hydroxy hydrogen and the aromatic ring in DHI, in addition to hydrogen-bonding between
a DHI hydroxy oxygen and a DA amino hydrogen; (ii) a cation-z interaction between a DA amine
and a DHI aromatic ring, as well as hydrogen-bonding from the hydroxyl groups of each
compound; (iii) a T-shaped interaction between a DA aromatic hydrogen and the aromatic ring in
DHI, in addition to hydrogen-bonding between a DHI hydroxy oxygen and a DA amino hydrogen;
and (iv) solely cation-z interactions, which appeared to be less stable than the other three models.
Of the four models, the combination of the T-shape interaction and hydrogen-bonding seem to be

most favorable.3?

12



OH o

OH OH
OH /O OH /O
nucleophilic
o] reaction
—_— —_—
2H" + 2¢7 HN N
Leukodopaminechrome Dopaminechrome
NH; NH,
Dopamine Dopaminequinone
OH
OH
Covalent oxidative Physical self-
polymerization HN assembly pathways
5,6-dihydroxyindole
H
HO N OH
\ \ NH,
HO N
DHI-DHI dimer HzN OH @
P OH
- AGAL,
OH N > > / o 2
H H > \
OH
Ho \ N HO OH
\ (Dopamine),/DHI Physical trimer
HO N OH

Dopamine-DHI-DHI trimer conjugate

HO
Polydopamine
HO
HO

HO

Scheme 1.5. Proposed mechanism of polydopamine via covalent oxidative polymerization and physical self-
assembly of dopamine and DHI. (Adapted with permission from Reference 32. Copyright 2006 Springer Nature).

13



It had been previously discussed that Tris buffer, bearing an aliphatic primary amine, is
incorporated into the structure of polydopamine.?? The o-quinone of DQ or dopaminequinone
(DAQ) can react with amines through three different pathways: (i) Michael addition, (ii) Schiff
base formation, and (iii) Strecker degradation; thiols can also participate in Michael-type reactions
with o-quinones but will not be discussed further here (Scheme 1.6).28:3 Notably, aromatic amines
tend to favor Michael additions whilst aliphatic amines are more selective toward Schiff base
reactions and a-amino acids undergo Strecker degradations with o-quinones at high temperatures.
Both Michael-addition and Schiff base formation pathways are strongly affected by pH. However,
imine formation appears to be affected by chain length as well, where longer hydrocarbon chains
reduce the basicity of the a-amine, enabling the formation of catechol-amine adducts at lower pH.
Thus, it is reasonable that Tris buffer is incorporated into the structure of polydopamine via Schiff
base formation due to its relatively high basicity (pH = 9-11) despite its short, tri-substituted

aliphatic branch.?
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Moreover, the o-quinone polymer precursors can crosslink with each other via two
pathways: (i) through a reverse dismutation pathway, in which highly reactive semi-quinone

radicals are produced, forming di-dopa crosslinking upon further reaction, and (ii) through
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tautomerization, in which o,B-dehydro derivatives are produced, also forming crosslinks upon

further reaction (Scheme 1.7).26:343%
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Scheme 1.7. Crosslinking pathways of o-quinones. (A) dismutation and (B) tautomerization. (Adapted with
permission from Reference 26. Copyright 2014 Royal Society of Chemistry).
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Several pathways through which PDA polymerizes have been proposed. While there is
much evidence that the formation of PDA proceeds in a similar fashion as the biosynthesis of
eumelanin in its initial stages, the latter stages of the polymerization mechanism remain unclear
for both materials despite decades of study. Nevertheless, dissent regarding the structure and

mechanism of PDA provides a frontier for further investigation.

1.1.3 Role of Metal lons in PDA Formation

It has been postulated that metal ions, namely Fe(lll), play a key role during the
crosslinking of catecholic compounds in natural systems.?® Molecules with catechol
functionalization can chelate Fe(l11) reversibly and non-covalently via one of three binding modes,
forming either mono-chelated, bis-chelated, or tris-chelated complexes (Scheme 1.8).® The
catechol to iron binding ratio is ostensibly dependent on pH through the deprotonation of
catecholic hydroxy groups. In a 3 : 1 catechol : Fe molar ratio using FeCls dissolved in a catechol-
functionalized polyethylene glycol solution, predominantly mono-chelated complexes were
present at pH < 5.6, bis-chelated complexes were prevalent at 5.6 < pH < 9.1, and tris-chelated
complexes were principally present at pH > 9.1. It should be noted that the solubility of Fe(lll) is
very poor, particularly at higher pH, and must therefore be pre-bound to the catechol ligands before
increasing pH.3" It was proposed that the binding mode may also depend on the concentration of
iron. In reaction systems with lower iron concentrations, the tris-chelated complexes were more

prevalent, whilst at higher concentrations of iron, the mono-chelated complexes prevailed.
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In a study by Sun et al. published in 2018, a metal organic framework (MOF) of iron(l11)-
1,3,5-benzenetricarboxylate (Fe-BTC) was loaded with a PDA composite to serve as a water
purification method. To characterize their material, attenuated total reflectance infrared (ATR-IR)
and Raman spectroscopies were used to analyze the interaction of the polymer with the open
iron(111) sites in the MOF. IR spectra of the PDA material revealed a peak around ~1506 cm™,
suggestive of an indoline stretching vibrational mode. When the PDA composite was incorporated
into the Fe-BTC MOF, this band was split into two peaks at ~1482 and ~1556 cm™2, characteristic
of the formation of an Fe**-PDA complex. Raman spectroscopic analyses revealed a peak around
~642 cm™!, indicating the presence of Fe**-catecholate vibrational stretches, thus corroborating
their IR spectroscopy findings.*’ It has also been proposed that Fe(Ill) may expedite catechol
oxidation — the oxidation of the catechol and the reduction of Fe(l11) occur at comparable potentials
(~0.75V) due to their similar reduction potentials; chelated moieties may then form crosslinks
upon further reaction.** Similarly, tris-dopa-Fe3* complexes may undergo valence tautomerization,
where Fe(lll) is reduced to Fe(ll), while dopa is oxidised to a semiquinone radical, which may
then react with O to produce other radical species that can couple to induce polymerization via
crosslinking.*243

A 2016 study by Li and Xie et al. utilised a unique approach to characterizing the elusive
structural nature of PDA in which the polymer was doped with iron at varying concentrations,
allowing the material to be examined via magnetometry. It was found that the product of magnetic
susceptibility and temperature per mole iron (ymT) of lowest iron-loaded sample at 300 K
approaches that of a spin-only, purely Fe(lll)-containing sample (4.375 emu K cm™ mol™),
eliminating the possibility of Fe(ll) and low-spin Fe(lll) populations, as these valences would

bring about substantially different ymT values. The ymT of the highest iron-loaded sample at 300
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K, however, shows greater deviation from the spin-only expectation, likely due to the higher
percent coupling of the metal ions. The magnetic results of this study will be further discussed in
Chapter 3. Provided the pH of the system and high concentration of dopamine used in this study,
it would be assumed that a tris-catechol binding mode should be favorable in the final product.
Unexpectedly, magnetic analysis, corroborated by UV-Vis spectroscopy, strongly suggested that
the Fe(l11) ions were predominantly coordinated in the mono-chelated binding mode.**

While catechol-functionalized molecules can interact with a number of other metal ions,
preparation of PDA with high and tunable metal loadings beyond iron has proven challenging. In
a study by Wang and Xie et al., a variety of metals — including Mn(l11), Fe(l1l), Co(ll), Ni (1),
Cu(l), Zn(I1), Ga(ln, Ti(1Vv), V(I11), Cr(I11), and Gd(111) — were tested to determine the versatility
of their prepolymerization loading strategy (discussed in further detail in Chapter 2). Of these, all
but Ti(1V), V(111), Cr(111), and Gd(I11) were found to be compatible. Consequently, metal chelation
in any capacity via the catechol functionalization of PDA is of particular interest because of a
similar metal sequestration capability in natural melanins, which may provide insight for the
complex structural nature of these polymers, as well as the myriad of functionalities, and

subsequently applications, of natural systems.*
1.2 Applications of Synthetic Melanin Materials

Although the structure of natural and synthetic melanins and the pathways through which
they form are still being studied, the properties and applications of these materials have been
studied extensively. Interest in the material was first inspired by the extraordinary ability of
mussels, barnacles, sea urchins, star fish, and other marine organisms to securely affix themselves
to rock formations. Designing materials to mimic this ability, which arises from adhesive proteins

containing DOPA residues remains an active area of research.*® Further study of structure and
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function has led to biomedical applications, such as drug delivery and biosensing, due to its
remarkable biocompatibility and dispersibility in water, allowing hydrophobic pharmaceuticals to
be solubilized. Furthermore, synthetic melanins have been used for applications in energy, such as
batteries and catalysis, due to their electrical conductivity as an organic semiconductor, as well as
applications in water treatment, as a result of their ability to sequester metals and organic pollutants

owing to their catechol functionalization.

1.2.1 Adhesive Properties and Applications

Synthetic melanins are versatile materials that share a variety of properties with natural
melanins, most notably, their adhesive properties. More specifically, there are two types of
bioadhesion: temporary adhesion, witnessed in geckos scaling up surfaces, and permanent
adhesion, seen in marine organisms.*® For example, the Common Blue Marine Mussel uses the
adhesive protein Mefp-1, containing numerous catechol functionalities due to the presence of
DOPA. It was previously speculated that both DOPA and lysine residues were responsible for the
protein’s adhesive capabilities; however, it was found that DOPA was principally involved.
Furthermore, DOPA is thought to contribute to the crosslinking of the organism’s byssal threads
and consequently, its adhesion to the bedrock. The remarkable adhesive properties in mussels and
other marine organisms have served as the inspiration to a number of studies by material scientists,
particularly due to the challenge of achieving water-resistant, biodegradable coatings and
adhesives. Apart from the substratum to which these organisms affix themselves, the DOPA
residues in the Mefp-1 protein was also found in a 1999 study to adhere to gold substrates, after
which it was speculated that, because the catechol moiety has a particular affinity for Fe(l1l), Ag,
and other metals, the protein, and consequently its synthetic analogues, would adhere to such

metals.*” In general, mussel adhesive proteins (MAP) are secreted from the organism as a fluid
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that undergoes a hardening reaction in situ. The DOPA residues in the proteins are believed to be
involved in intermolecular crosslinking reactions that result in the formation of a solid adhesive
plague. The mechanism of this crosslinking reaction is not yet unambiguously understood, but
evidence suggests that crosslinking can occur either with other DOPA residues via radical
mechanism or through Michael addition reactions with an amine functional group. Efforts to
mimic the adhesive characteristics of this natural system have resulted in the incorporation of
DOPA into the backbones, sidechains, and end groups of synthetic polymers. One such example
is the polyethylene glycol (PEG)-DOPA macromer, which was synthesized and examined for its
capability of forming hydrogels upon the addition of oxidants. The adhesive properties of this
material, found to form rapid and tunable hydrogels, were proposed to be further applied for
biomedical purposes.*®

Another such example is the DOPA-modified triblock copolymer, which were synthesized
to form adhesive hydrogels, proving to be a promising candidate for further application as adhesive
biomaterials for tissue repair and regeneration. For this material, DOPA-containing peptides were
coupled to a central PEG segment of the triblock copolymers. This new synthetic strategy provides
a tunable method which facilitates control over the peptide composition, as well as the DOPA
concentration. This material was designed to rapidly form hydrogels via photopolymerization of
the methacrylate end groups upon exposure to long-range wavelength UV radiation, biodegrade
through the hydrolysis of polylactic acid (PLA) segments, and enhance the adhesive properties of
the resulting hydrogel material. One limitation of this strategy is the incorporation of DOPA into
a gel via free radical polymerization, which has proven problematic due to the catechol side-
chain’s ability of radical quenching. Nevertheless, aqueous solutions of the peptide-modified block

copolymer were found to undergo rapid photopolymerization into hydrogels through its DOPA
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residues. Moreover, the wet adhesion of these hydrogels onto metal oxide surfaces can be
significantly enhanced when functionalized with DOPA-containing peptides.*® The oxidation of
DOPA plays an interesting role in adhesion with respect to the substrate. In relation to inorganic
surfaces, the oxidation of the catechol moiety reduces the functional group’s adhesive properties,
but enhances them with respect to organic substrates, likely due to the material’s capacity to adhere
to the surface via covalent bonding. This greater understanding of catecholic molecules has
allowed further investigation for promising medical applications in anchoring synthetic and
biological macromolecules onto metal oxide surfaces.*®

The adhesive properties of synthetic melanins additionally show promise in applications
for surface modification. Due to their versatile functionality, catechol moieties can adhere to low
surface energy substrates, like Teflon or the waxy surface of a cherry tomato (Figure 1.1), allowing
these surfaces to become substantially more hydrophilic. The catechol groups can also serve as a

modification site for block copolymer lithography once adhered to the material.>

Water Droplets 1 cm

Figure 1.1. Digital images of (A) an coated plain cherry tomato on which droplets of water have not adhered (left)
and a PDA-coated cherry tomato onto which beads of water have adhered to the surface (right); (B) an uncoated
Teflon substrate in which droplets of water amass together on the hydrophobic surface (left) and a PDA-coated

Teflon substrate on which droplets of water spread throughout the entire coated surface. (Reprinted with permission
from Reference 50. Copyright 2011 John Wiley & Sons, Inc.).

Material scientists have gleaned much inspiration from the byssal threads of marine

organisms to emulate their extraordinary adhesive properties, which show great promise in further
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applications, like surface modification and biomedicine. Undeniably, these investigations have led

to other remarkable discoveries of the countless applications of this versatile material.

1.2.2 Biomedical Applications

Investigation of PDA’s adhesive properties have pioneered the studies for several other
functions of the material, namely its applications in the biomedical sciences. Two notable
examples are its utilization in drug delivery and biosensing.
Drug Delivery

Synthetic melanins, due to their biocompatibility and versatile functionality, are strong
candidates as vessels for drug delivery, whether as a surface modifier or as the vessel itself. For
instance, graphene oxide can be reduced by dopamine, after which DA is polymerized and adhered
to the surface of the reduced graphene oxide (RGO). Pharmaceuticals, such as heparin (an anti-
clotting drug), can then be grafted onto the PDA-functionalized surface of the material. This
method is facile, safe, and green, proving to be a promising contender of drug delivery.>!

Another exemplary use of PDA as a drug delivery method is in iron-doped PDA
nanoparticles grafted with natural glucose oxidase (GOD), which results in a cascade catalytic
nanomedicine specifically targeting the glucose found in tumor microenvironments (TME). The
GOD grafted on the Fe-PDA nanoparticles is intended to catalyze the copious glucose in TME to
gluconic acid and hydrogen peroxide. The hydrogen peroxide, in turn, is capable of enhancing the
efficiency of the Fenton reaction, consequently producing hydroxyl radicals, which can then be

used for cancer therapies.>?
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Biosensing
Magnetic Resonance Imaging (MRI) Contrast Agents

Synthetic melanin-based materials are of particular interest as MRI contrast agents,
attributed to their biocompatibility, as well as their ability to chelate paramagnetic metal ions
necessary for MR imaging. The catechol functionality of the material serves as a scaffold for metal
ion coordination. In a 2016 study by Li and Xie et al., PDA nanospheres were doped with Fe(ll1)
ions. It was concluded that since high Fe(l1l) loading results in reduced moment per iron center,
decreasing the antiferromagnetic coupling between the metal centers would ostensibly increase the
sample’s magnetic moment, thereby improving the signal. The proposition was made to disrupt
the antiferromagnetic coupling by creating an alternate, small spin magnetic coupling channel
between an Fe(l1l) center and an organic radical electron, or with a S = 1/2 transition metal, such
as Cu(11).** In the following year, Wang and Xie et al. extended the study to other transition metals,
such as cobalt and manganese. Their magnetic studies confirmed that controlling and diminishing
the antiferromagnetic coupling between metal centers improves the material’s performance as an
MRI contrast agent.*

In the same year, Wang, Carniato, and Xie et al. published a study incorporating
gadolinium ions into the PDA scaffold for high relaxivity MRI contrast agents. Gadolinium was a
promising contender to increase the signal intensity due to its increased paramagnetic properties
ascribed to its half-filled f-orbitals. Additionally, the antiferromagnetic coupling was found to be
reduced in these materials due to the poorly efficient superexchange through these f-orbitals.
However, at the time of publication, Gd-based contrast agents were not nearly as efficient as
predicted by theoretical models, primarily due to low hydration states and rapid molecular

tumbling, resulting in reduced sensitivity of detection. Gd-doped PDA nanoparticles as a new
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approach offered a number of advantages: i) crosslinking of Gd-catechol chelates leads to slow
molecular tumbling, increasing the contrast for MR imaging; ii) free rotation of the chelates is
limited, which in turn extends to surface-bound Gd ions due to its crosslinked nature within the
PDA scaffold; iii) the catechol moieties in the crosslinked network are strained, and as
consequence, the formation of unsaturated Gd-catecholate complexes allows for high hydration
states. This application can potentially be utilized for tumor imaging due to the improved

permeability and retention effect of the material.>®

Ultrasound (US) Contrast Agents

Ultrasound contrast agents operate by generating contrast against surrounding tissue by
non-linear resonance interactions with impinging ultrasound waves. Unlike MRI contrast agents,
to achieve strong signal to noise ratios, US contrast agents do not require magnetic properties, nor
do they require radioactive properties like positron emission tomography-computed tomography
(PET/CT). Currently, US agents that are clinically used are inert perfluorocarbons (PFC) with
relatively low boiling temperatures, stabilized within a protein or phospholipid coating. A new
approach to US contrast agents published by Xie et al. in 2018 involves the functionalization of
surface of PDA nanospheres with perfluorocarbons. The size tunability and surface
functionalization, as well as the metal chelation capabilities, of this material provide a broad
variety of potential applications in multimodal imaging, targeted delivery, and therapeutic
functionality.>* The Doppler imaging lifetime of this material was later improved six-fold as
compared to that of its predecessor by doping the material with Fe(lll) ions, generating an
enhanced photoacoustic (PA) signal in addition to its US signal.*®

The uses of polydopamine in biomedicine are incredibly multifunctional, from surface

modification of drug delivery systems and acting as a drug delivery system to MR and US imaging,
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among several others. Utilization of this material appears to be particularly advantageous, due to
its biocompatibility and versatile functionalities. Nevertheless, a deeper understanding of the
polydopamine’s form may allow for greater tunability of the material’s function.
1.2.3 Applications in Energy
Batteries

The use of lithium-ion batteries (LIB) has become prevalent in portable electronic
appliances due to their high energy densities and prolific cycle lives. However, in order for their
use to be extended to larger applications, such as sustainable transportation in electric vehicles,
their performance in energy density, power density, cycle lives and safety must be substantially
improved as the gravimetric capacities of the anodes far exceed those of the cathodes.>®>’
Improving the energy density of LIB would therein require new electrode materials with higher
specific and volumetric capacity. Alloy-type anodes, such as silicon-based anodes, have much
higher Li storage capacity as compared to the intercalation-type graphite anodes that are currently
used. Nevertheless, these silicon-based electrodes must have a high capacity, long cycle life, high
efficiency, and industrially scalable fabrication in order to be used for practical applications. To
that effect, commercially available Si nanoparticles were encased inside a thin, conformal, self-
supporting carbons shells of PDA, designed with a void space between the particles and the shell,
allowing for expansion of the Si nanoparticles without distorting the structure of the PDA shell or
disrupting the SEI on the outer surface. This “yolk-shell” electrode design has been found to be
scalable, electrochemically stable, and highly efficient.>®

While much of the research devoted to improving the properties of LIB have focused on
electrode materials, a different methodology proposes the use of PDA-coated polyethylene (PE)

separators. PE separators are the most commonly used variety for commercial LIB due to their low
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cost, appropriate mechanical strength and pore structure, electrochemical stability, and thermal
shutdown properties. However, the use of PE is not without its limitations: the material has
intrinsically poor compatibility with conventional liquid electrolytes, attributed to its hydrophobic
surface character and low surface energy, resulting in poor wetting ability. Nevertheless, the
surface of PE can be modified with PDA, offering electrolyte wetting capabilities, uptake of
electrolytes, and ionic conductivity. Furthermore, PDA treatment is fully compatible with a broad
variety of PE separators without compromising the advantageous properties of the original
material.>® To further improve the power and safety of these materials, the PE separators can be
coated with dimethylaminoethanethiol (DMAET), functionalized with PDA, and treated with a
final coating of silica. In this case, PDA in pivotal in that it mediates robust adhesion of the
hydrophilic ceramic layer, which lacks polymeric binders (thereby having adverse effects on ion
transport), to the hydrophobic PE surface. The material overall exhibits an improved rate
performance and thermal stability as compared to the uncoated material.>®

The consequential uptake of electrolytes due to the hydrophilicity of PDA, in turn, enables
a well-distributed Li-ionic flux which encompasses the entirety of the Li-metal surface, thereby
reducing Li-dendrite growth. The growth of dendrites can result in exhaustion of the electrolyte or
limited diffusion of Li owing to over-thickening of solid-electrolyte-interphase (SEI) layers.
Moreover, the PDA coating of separators improves the intrinsic thermal-shrinkage issue of these
materials and addresses an imperative safety issue, as thermal shrinkage may result in short
circuiting between the cathodes and anodes, eventually causing the cell to explode.’
Supercapacitors

Comparatively, supercapacitors maintain a number of properties which are not currently

attainable for batteries, such as higher power densities, sub-second charging, sustained cycle life,
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and an immensely broad range of temperature at which they can operate. Polydopamine’s role in
these supercapacitors is to serve as a carbon source for enhancing the conductivity of these
materials.’® One such example of a PDA-treated supercapacitor is a one-dimensional, highly
graphitic, carbon-tipped manganese oxide/mesoporous carbon/ manganese oxide hybrid nanowire,
whose structural design was intended to improve the conductivity of metal oxide materials.
Manganese oxides are considered to be a promising contender for next-generation transition metal
supercapacitors due to their low cost and environmental benignity. For these supercapacitors, PDA
is used as a coating on the nanowire, allowing the material to withstand temperatures up to 800°C
in an inert atmosphere. Additionally, the catechol moieties can coordinate with Mn?* to form Mn-
based complexes within the material. As a whole, these nanowires have shown to be high-

performance supercapacitors that address the potential issue of poor conductivity.®
1.2.4 Applications in Water Treatment

Metal Sequestration

The contamination of drinking water with heavy metals, especially lead, is an incessant
global problem resulting in severe public health consequences. Materials which incorporate PDA,
capable of scavenging metals due to its amine and catechol functionalities within its matrix, have
been proposed as promising potential applications to address this pervasive issue. For example,
the inexpensive, water-stable MOF/polymer composite, Fe-BTC/PDA, exhibits rapid and selective
removal of heavy metals, including Pb?* and Hg?*. The tunability, regeneration, and separation of
this composite are facile, and the material is high-performing, such that within 1 minute of
exposure to 1000 ppb of Hg?" and Pb?*, the material can reduce concentrations of these metals by
approximately 99% (1.2 and 1.6 ppb, respectively).*® Another such example is the sequestration

of Cu?" ions from aqueous solutions. There is a major release of copper to water supplies from the
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paint, metallurgy, chemical manufacturing, and mining industries, among others, and while copper
is a biologically essential metal in low doses, in higher quantities, the metal becomes toxic. PDA
nanoparticles are promising contenders for the treatment of wastewater, as they are biodegradable

and nontoxic, as well as effectively remove Cu?* ions from aqueous solutions.®*

Organic Pollutant Sequestration

In addition to heavy metal contamination, organic pollutants, such as Rhodamine B, can
be found in wastewater. Carbon-based nanomaterials, particularly carbon aerogels, carbon
nanotubes (CNT), graphene, and other composites have demonstrated their abilities in the removal
of organic pollutants, though their lack of surface functional groups poses a stark limitation. This
shortcoming can be remedied by introducing organic functionalization or metal oxide
nanoparticles; however, recovery of these materials may cause concern due to possible unforeseen
environmental side effects if not completely removed. To address this issue, a free-standing
graphene hydrogel was modified with PDA for use in water purification. In the fabrication of this
material, DA acts as both a reductant and a functionalization agent for graphene oxide (GO), whilst
graphene nanosheets are assembled into 3-dimensional structures. In this case, PDA is expected to
provide the active sites for synthetic dyes and other organic pollutants through hydrogen bonding
interactions. It was found that this composite can be easily regenerated using low-cost reagents
and is effective in the uptake of Rhodamine B, exhibiting a high adsorption capacity after several
absorption/desorption cycles.®?

Another example is a clay-based hydrogel modified with PDA and Fe®** ions in which PDA
self-assembles within the clay hydrogel (D-clay) and acts as the main building block, and the iron
ions serve as physical crosslinkers. The coordination interactions between the D-clay nanosheets

and the iron ions results in a supramolecular network that can effectively remove Rhodamine 6G
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(Rh6G) from water due to complexes formed between D-clay and Rh6G via hydrogen-bonding
and zm-m stacking interactions. This alternative is also low-cost, scalable, and environmentally
benign.®3
Desalination

Water purification and desalination of drinking water by reverse osmosis and nanofiltration
have demonstrated their remarkable capability of effectively removing low molecular weight
impurities from water sources. However, these processes are incredibly energy-intensive, and
improvements to make them more sustainable are urgently needed. Inspired by aquaporins, water
channel proteins in biological membranes with extraordinary water permeability and selectivity,
PDA-coated AquaporinZ (AgpZ) is a potential application in pressure-driven water purification.
PDA is known to react with amine- and thiol-containing compounds, thereby facilitating the
grafting of additional layers onto its surface. The nanofiltration membrane was fabricated but
immobilizing vesicles onto a porous membrane through the formation of adducts and can
withstand immense hydraulic pressures. Additionally, the material exhibits higher pure water
permeability and rejection of NaCl and MgCl; salts.®* Similarly to other material composites, PDA
can be used to modify the surface of polysulfone (PSf) substrates, over which m-phenylenediamine
(MPD) and trimesoyl chloride (TMC) are employed as monomers for interfacial polymerization
to form a polyamide rejection layer. Not unlike other aforementioned materials in previous
sections, PDA-modification produces a smooth hydrophilic surface comprised of smaller surface
pores with a narrow pore size distribution, which may prove to be favorable for the fabrication of

a better quality polyamide layer, and as consequence, enhanced salt rejection.®®
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1.2.5 Objective

It is evident that PDA is an extensively studied material and demonstrates extraordinary
versatility in its application. To optimize tunability of the properties of PDA, it is critical to
understand the crosslinking mechanism of this material. The structure of PDA has yet to be
unambiguously understood, despite the countless studies, which have been conducted to
structurally characterize this amorphous polymer. Of these, magnetometry is a unique method
which may potentially uncover further insight on the local structure, as well as other emergent
properties of this material. The primary study in this manual investigates the electronic structure
implications resulting from small variations in the synthesis of synthetic melanin materials. The

results of this work are described herein.

CHAPTER 2: MATERIALS AND METHODS

2.1  Synthetic Strategies: General Procedures

Chemicals were purchased commercially and used without further purification. Deionized
water was used for all syntheses. The reaction schema for each synthetic strategy is illustrated in

Scheme 2.1.
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A. NaOH ‘ Metal Salt ‘
HO NH5CI
B. Metal Salt
Tris Buffer
HO
C. Metal Salt 1 Metal Salt 2
Base

Scheme 2.1. Reaction schema for (A) post-polymerization metal-doping strategies, (B) pre-polymerization metal-
doping strategies, and (C) metal ion exchange strategies (Adapted with permission from References 45 and 46.
Copyright 2017 American Chemical Society, Copyright 2017 John Wiley & Sons, Inc.).

2.1.1 Preparation of PDA Nanospheres

Polydopamine nanospheres can be used as a template in which metal ions can be loaded
post-synthesis. This material was prepared using a modification of a previously published method
(Scheme 2.1A).5¢

Dopamine hydrochloride (DA*HCI, 200 mg) was dissolved in deionized water (100 mL)
with vigorous stirring for 30 minutes. Aqueous 1M sodium hydroxide (NaOH, 1.06 mL) was then
charged into the reaction flask, resulting in a color change from clear colorless, to yellow, to red-
orange, to brown, to a cloudy, black nanoparticle suspension, which was left to stir vigorously for
24 hours in ambient atmosphere. The nanoparticles were isolated via centrifugation, washed with
three portions of deionized water (3 x 20 mL), and stored as a concentrated nanoparticle

suspension.
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2.1.2 Preparation of Mn(l11)-doped PDA Nanospheres

Mn(l1)-doped PDA nanospheres were synthesized as a precursor for the preparation of
Fe(Il)-doped PDA nanoparticles and were prepared using a previously published pre-
polymerization strategy (Scheme 2.1B).%

DA-HCI (300 mg) and manganese(lll) acetate tetrahydrate (Mn(OAc)z*4H.0O, 150 mg)
were dissolved in deionized water (1000 mL) with vigorous stirring for 30 min. A basic buffer
solution was prepared by dissolving Tris powder (10 g) in deionized water (500 mL) with gentle
swirling. The buffer solution was then poured into the reaction flask, resulting in a color change
from clear colorless, to yellow, to orange, to brown, to a cloudy black nanoparticle suspension,
which was left to stir vigorously for 24 h under an ambient atmosphere. The nanoparticles were
isolated via centrifugation, washed with three portions of deionized water (3 x 20 mL), and stored

as a concentrated nanoparticle suspension.

2.1.3 Preparation of Fe(ll)-doped PDA Nanospheres

Fe(I1)-doped PDA nanospheres were prepared under an inert atmosphere of argon using
standard cannula and Schlenk techniques, following the previously published cation exchange
procedure with modifications (Scheme 2.1C).%

An iron(Il) salt solution was prepared with anhydrous FeCl, (500 mg, used as is) and
deoxygenated water (25 mL). To an aliquot of the Mn-doped PDA nanoparticle suspension was
added 10 mL of the iron salt solution, which was left to react for 24 h with vigorous stirring. The
product was isolated via centrifugation, washed with 3 portions of water (20 mL) and reacted with
a second portion of the iron salt solution (10 mL) for an additional 24 h with vigorous stirring. The

nanoparticles were isolated via centrifugation once more, washed with three portions of deionized
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water (20 mL), and stored as a concentrated nanoparticle suspension to be further analyzed in

future studies.

2.1.4 Preparation of Fe(ll11)-doped PDA Nanospheres

Fe(lll)-doped PDA nanospheres were prepared using a modification of a previously
published method.* DA<HCI (30 mg) and FeCls (10 mL, anhydrous) were dissolved in deionized
water (100 mL) for 30 min with vigorous stirring, producing a dark blue-green solution. A basic
buffer was prepared by dissolving Tris powder (1 g) in deionized water (50 mL) with gentle
swirling. The buffer solution was then poured into the reaction flask, changing color to dark
burgundy and then to the cloudy black nanoparticle suspension, which was left to react for 24 h
with vigorous stirring. The nanoparticles were isolated via centrifugation, washed with three
portions of deionized water (20 mL), and stored as a concentrated nanoparticle suspension to be

further analyzed in future studies.

2.1.5 Preparation of Fluorinated PDA Nanospheres

PDA nanospheres were prepared as a precursor using the synthetic methods described in
Section 2.1.1. Fluorinated PDA nanospheres were prepared using a modification of a previously
published method.>* An aliquot of the polydopamine nanoparticle suspension (40 mL) was mixed
with 10 mL of ethanol with vigorous stirring for 10 min. A 60 pL portion of 1H,1H,2H,2H-
perfluorodecanethiol was charged to the reaction flask and continued to stir for an additional 5
min. A basic solution was prepared by vortexing a mixture of deionized water (10 mL) and
ammonium hydroxide (150 pL), which was added to the reaction mixture and allowed to react for
24 h with vigorous stirring. The nanoparticles were isolated via centrifugation, washed with three
portions of deionized water (20 mL), and stored as a concentrated nanoparticle suspension. These

materials will be analyzed further in future studies.
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2.1.6 Preparation of Fe(ll1)-doped PDA Aggregate Materials

The Fe(ll1)-doped PDA aggregate material was prepared using a modification of the
synthetic method described in Section 2.1.4. The variable parameters for the preparation of this
material is described in Table 2.1.

DA-HCI and FeCls (anhydrous) were dissolved in deionized water (100 mL) for 30 min
with vigorous stirring, producing a dark blue-green solution. A basic buffer was prepared by
dissolving Tris powder in deionized water (50 mL) with gentle swirling. The buffer solution was
then poured into the reaction flask, changing color to dark burgundy and then to the cloudy black
nanoparticle suspension, which was left to react for 2 h with vigorous stirring. The nanoparticles
were isolated via centrifugation, washed with three portions of deionized water (20 mL), and stored
as a concentrated nanoparticle suspension. Samples 6, 15, 17 and 26 were used for magnetic

characterization (Table 2.1).

36



Table 2.1. Parameter variations for the preparation of Fe(lll)-doped PDA aggregate materials. Samples 1-4 were
prepared with varying amounts of FeCls; whilst both dopamine hydrochloride and Tris buffer amounts were held
constant. Samples 5-15 were prepared by varying amounts of Tris buffer at constant dopamine hydrochloride
concentrations and high concentrations of iron. Samples 16-26 were prepared by varying amounts of Tris buffer at

constant dopamine concentrations and low concentrations of iron.

Sample Mass DA*HCI (mg) Mass FeCls (mg) Mass Tris (9)
1 300 100 1
2 300 50 1
3 300 25 1
4 300 10 1
5 300 100 0.25
6 300 100 0.5
7 300 100 2
8 300 100 3
9 300 100 4
10 300 100 5
11 300 100 6
12 300 100 7
13 300 100 8
14 300 100 9
15 300 100 10
16 300 10 0.25
17 300 10 0.5
18 300 10 2
19 300 10 3
20 300 10 4
21 300 10 5
22 300 10 6
23 300 10 7
24 300 10 8
25 300 10 9
26 300 10 10

2.2 Analytical Methods

2.2.1 Characterization of Material Morphology

Transmission Electron Microscopy (TEM)
Samples were prepared by drop-casting 10 pL of the diluted nanomaterial suspension onto
mesh carbon film TEM grids and imaged using Fei Tecnai G2 Spirit TEM operating at 120 kV to

analyze the relative density of the material.
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Scanning Electron Microscopy (SEM)

Samples were prepared by drying an aliquot of the nanomaterial suspension in a vacuum
oven at 70°C. A small amount was dispensed onto carbon tape mounted on aluminum imaging
stages. Images of the samples were obtained using FEI Quanta 250 SEM to analyze the surface
topography of the material.

Dynamic Light Scattering (DLS)

Samples were prepared by diluting an aliquot of the PDA nanomaterial suspension. The
material’s hydrodynamic radii were analysed using a Malvern Zetasizer Nano ZS90.
2.2.2 Characterization of Metal Concentration
Inductively Coupled Plasma-Mass Spectrometry (ICP-MS)

Samples were prepared by digesting 1 mg of dried material in 3.5% trace metal grade nitric
acid, diluted serially to various concentrations. The metal concentration of each sample was then
determined by a Thermo Fisher Scientific iCAP RQ Inductively coupled plasma-mass
spectrometer.

2.2.3 Characterization of Magnetic Properties
Superconducting Quantum Interference Device (SQUID) Magnetometry

Samples were prepared by loading the dried material into a polycarbonate gel capsule

sealed with Teflon tape and secured in a sample straw. Magnetic analyses were conducted using a

Quantum Design MPMS3 superconducting quantum interference device.
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CHAPTER 3: RESULTS AND DISCUSSION

3.1 Magnetic Analysis of Fe(l11)-loaded PDA Aggregate Materials

While magnetically-active metal-loaded PDA materials are complex magnetic systems,
they can be modelled using a comparatively simple model which incorporates an isotropic
gyromagnetic value (g = 2) and a magnetic coupling constant, J, and can be described with the
Heisenberg-Dirac-Van-Vleck (HDVV) Hamiltonian (Equation 1).

H= -2J$,-5, (Equation 1)
where $; and S, are spin operators for equivalent interacting spins.

For the case of metal-loaded PDA nanospheres, this implies superexchange coupling, in
which magnetic centers couple through a diamagnetic bridge, wherein DA moieties could serve as

that bridge between two metal centers.**

3.1.1 Isotropic Interactions Using a Dinuclear Model: Magnetic Susceptibility

To interpret the magnetic susceptibility of the metal-loaded PDA aggregated samples, it is
important to determine in which oxidation state the metal centers exist. In the case of iron, the
metal centers could possibly exist as Fe(I1) or Fe(l11), in either octahedral or tetrahedral geometries,
and as either high spin or low spin complexes. Because of the tris bidentate coordination
environment of the catechol ligands, tetrahedral geometries are unlikely and can therefore be
eliminated as a possibility, leaving potential octahedral high and low spin Fe(ll) and octahedral
high and low spin Fe(l1l). With the model described in Section 3.1, only two types of centers are
of interest: isolated centers and coupled centers. Magnetic susceptibility of a system containing

only isolated iron centers can be determined by:

B NgZBZ .
Y = ST [S(S+1)] (Equation 2)
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where y is magnetic susceptibility, N is Avogadro’s number, g is the gyromagnetic value, 5 is Bohr

magneton, k is the Boltzmann constant, T is temperature, and S is spin. Equation 1 can be rewritten

as:

22
ar="2 93 kﬁ [S(S + )] (Equation 3)

which will be used for the magnetic analysis of the iron-loaded PDA samples.®” Using Equation
2, the product of magnetic susceptibility and temperature as a function of temperature can be
determined for Fe(I11)On, h.s. (S = 5/2), Fe(I1)On, h.s. (S = 2), and Fe(ll1)On, I.s. (S = 1/2), which
turns out to be 4.375 emu K mol™, 3.000 emu K mol™?, and 0.375 emu K mol™, respectively, and

is illustrated in Figure 3.1.
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Figure 3.1. Simulation of ymT vs. T for isolated Fe(l11), high-spin (h.s.) centers (S = 5/2), Fe(lIl), high spin centers
(S = 2), and Fe(l1l), low spin (I.s.) centers (S = 1/2).

The magnetic susceptibility of a system containing only coupled centers can be determined
using:
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_ Ng2B? $,5(S +1)(2S + 1)el-EG)/T]

S ¥5(2S + 1)e[EG)/KT] (Equation 4)

where E(S) = —é SS+1) (Equation 5)

When J = 0, there are no coupling interactions between metal centers, and therefore it can
be assumed that the metal centers are isolated from each other in the system. When J > 0, the metal
centers couple ferromagnetically to each other, where the magnetic moments of each metal center
in a pair align parallel to, or in the same direction as, each other. When J < 0, the metal centers
couple antiferromagnetically to each other, where the magnetic moments of each metal center in a
pair align antiparallel, or in the opposite direction, of each other.®” The coupling interactions of a

system containing solely Fe(I11)On, h.s. centers is illustrated in Figure 3.2.

XMT(emu K moI'1)

0 50 100 150 200 250 300
T (K)

Figure 3.2. Simulation of ymT vs. T for an Fe(l11) dinuclear compound where J is positive (ferromagnetic coupling
between magnetic centers), negative (antiferromagnetic coupling between magnetic centers), and zero (isolated
centers).
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Systems containing only isolated centers and systems containing only perfectly coupled
centers are ideal cases and are highly unlikely in case of metal-loaded synthetic melanins,
especially considering the amorphous character of a largely organic polymer. While DA molecules
are considered to serve as a diamagnetic bridge through which metal centers antiferromagnetically
couple, it remains to be known if only one monomer of DA (or any of its analogues) bridges two
metal centers or if there are circumstances in which small chain oligomers bridge two metal
centers. If such is the case, it is highly likely that the coupling strength of the metal pairs would be
affected as the magnetic centers are distanced farther apart within the polymer. Similarly, the
percent of coupled and uncoupled metal centers can also affect the magnetic behavior of the
sample. The type of coupling will determine if the magnetic susceptibility will translate closer to
any of the three ideal cases. If the material is ferromagnetic, then a high percent of coupled centers
will result in a higher overall magnetic susceptibility, whereas a high percentage of coupled centers
in an antiferromagnetic material will result in a lower overall magnetic susceptibility. Figure 3.3
illustrates the effects of varying the coupling strength (Figures 3.3A-C) and percentage of coupled
metal centers (Figures 3.3D-F) for an antiferromagnetically-coupled, octahedral, high spin Fe(l11)

system.
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Figure 3.3. Simulated models of an Fe(l11) dinuclear compound illustrating cases in which all centers are isolated
(dashed) or antiferromagnetically coupled (dotted). A mix of both cases is denoted by the solid line. The
gyromagnetic ratio, g = 2 for all cases. (A) Percent centers coupled = 50%; J = -50 cm*; (B) Percent centers
coupled =50%; J = -20 cm*; (C) Percent centers coupled = 50%; J = -5 cm™; (D) Percent centers coupled = 25%;
J =-20 cm™%; (E) Percent centers coupled = 50%; J = —20 cm™?; (F) Percent centers coupled = 75%; J = -20 cm™™.

It is important to note that variation in coupling strength results in a dramatic difference of
magnetic behavior at low temperature with minor vertical shift in the material’s ymT, while
variation in percent of centers coupled results in a vertical translation in the ymT of the system with
little change in the magnetic behavior at low temperature.

As consequence, the model that will be applied to iron-doped PDA aggregates assumes
that all metal centers within the PDA scaffold are octahedral, high spin Fe(lll) which coupled
antiferromagnetically to each other via superexchange due to the presence diamagnetic bridges
between iron centers. The magnetic susceptibility of Fe(ll1)-PDA at varying iron concentrations
and prepared with varying amounts of buffer were measured using SQUID magnetometry. The

results are discussed in further detail in the following section.
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3.1.2 Magnetic Susceptibility Analysis of High Iron Concentration Samples

The synthetic strategy for Fe(l11)-PDA was modified such that the concentrations of the
starting monomer (DA*HCI) and the iron salt were both increased tenfold (holding the buffer
amount true to the original procedures), as the previously published methods posed a few
limitations. While the synthesis resulted in monodisperse and uniformly-sized nanospheres, the
procedures were time-consuming and low-yielding, and because only a small fraction the samples
were magnetically active while the rest comprised of organic material, SQUID analysis required
greater sample loading volumes. The modified synthesis produced greater yield in significantly
less time. Despite the poor size distribution and poor dispersibility of the material, the results of
these studies are consistent with those in the studies carried out by Li and Xie et al. (Figure Al),
suggesting that the electronic structure of the material is independent of the interparticle
interactions. It had also been concluded in their work that the coupling strength of the metal centers
appears independent of the metal concentration (J = —-31 cm™?), i.e. the coupling strength for high
iron loadings and low iron loadings were comparable.** Interestingly, the coupling strength in
samples prepared with higher concentrations of Tris buffer (pH ~ 9.45) are significantly lower than
those prepare with lower concentrations of Tris buffer (pH ~ 7.64), despite comparable iron

loadings and percent of coupled metal centers (Figure 3.4).
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Figure 3.4. yuT vs. T plots of PDA with high iron-loading at (A) high Tris concentration (pH ~ 9.45, J =-19 cm™,
Percent coupled = 62%) and (B) low Tris concentration (pH ~ 7.64, J = —27 cm™, Percent coupled = 71%).

The fit to the data was determined by using a non-linear least squares algorithm, Solver, to
find a global minimum for the coupling strength and percentage of coupled metal centers with
fixed gyromagnetic values. It is important to note that fit is, at best, an approximation, where the
combination of the coupling strength and the percent coupled are one out of several possible
solutions. To achieve a more accurate approximation with require further investigation.

3.1.3 Magnetic Susceptibility Analysis of Low Iron Concentration Samples

Low-iron loaded samples were prepared by increasing the DA concentration tenfold, whilst
keeping the Tris buffer and iron concentrations true to the previously reported procedures. The
magnetic results of these samples are also comparable to those of Li and Xie et al. Additionally,
the morphology of these materials was consistent to those containing high concentrations of iron
(Figure A2). Surprisingly, the effect of the buffer concentration on the coupling strength is

dissimilar to that of the high iron loaded samples. While the antiferromagnetic coupling
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interactions were strengthened with a decrease in buffer concentration in high iron loaded samples,

the coupling strength is weakened at lower buffer concentrations (Figure 3.5).
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Figure 3.5. ymT vs. T plots of PDA with low iron-loading at (A) high Tris concentration (pH ~ 9.77, J = -31 cm™,
Percent coupled = 31%) and (B) low Tris concentration (pH ~ 8.61, J = 12 cm*, Percent coupled = 30%).

The fit to the data was determined in a similar manner to the high iron loaded samples. The
anomaly in the effect of the buffer concentration between samples with high and low
concentrations of iron is curious and requires further investigation in order to determine a trend in
the base’s effect on the coupling strength, if any. Preliminary data from a study currently in
progress strongly suggest that ymT is significantly sensitive to the concentration of iron present in
the sample (data not shown). To this effect, it is imperative to optimize the quantitative methods.
3.1.4 Isotropic Interactions Using a Dinuclear Model: Magnetization

Although a simple model can be used to model the magnetic susceptibility of this complex,
modelling the magnetization data for these systems is far less straightforward. All of the following
simulations were generated in the program, PHI.®® Akin to the magnetic susceptibility, it is

important to consider both cases in which all metal centers in the system are isolated and in which
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all centers are antiferromagnetically coupled. Figure 3.6 illustrates M vs. H simulations of these

ideal cases fromQ  Tto 7 T.
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Figure 3.6. Simulated models of M vs. H plots from OT to 7T for (A) a system comprised of all isolated Fe(l1l) (S =
5/2) centers and (B) a system comprised of all coupled Fe(111) (S = 5/2) centers.®®

An important feature to note in the case of isolated metal centers is the saturation of the
magnetization at low temperatures (2K). Additionally, the magnetization in the case of coupled
metal centers is near zero and can barely be observed within this magnetic field range. However,
the magnetic behavior in both cases becomes more apparent when the magnetic field range is

broadened (Figure 3.7).
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Figure 3.7. Simulated models of M vs. H plots from 0T to 300T for (A) a system comprised of all isolated Fe(l1) (S
= 5/2) centers and (B). a system comprised of all coupled Fe(lI1) (S = 5/2) centers.58

The magnetic saturation in the case of isolated metal centers at all low temperatures (2K-
10K) becomes more prominent at approximately 50T, while in the case of coupled metal centers,
a staircase-like curve is observed. This is attributed to the change in ground state as the magnetic
field is increased. However, because a magnetic field of 300T is unattainable by any instrument
available for experimentation, this behavior is not explicitly observed in the data.

To achieve a model that closely resembles the data obtained, magnetization simulations
can be combined in their respective coupled:uncoupled ratios. However, modelling becomes much
more challenging in systems where the magnetization of the sample does not magnetically saturate
at 7T. This issue can be addressed by applying an anisotropy term, D, which is often reported as
an absolute value, as both the positive and negative value may provide a reasonable fit for powder
samples in magnetometry. In the following sections, the anisotropy term is assumed to be D = -1

for all cases.
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3.1.5 Magnetization Analysis of High Iron Concentration Samples
The simulations generated in PHI were fit to the magnetization data obtained for the high
iron loaded PDA samples, using the coupling strength value and the percent of coupled metal

centers approximated in the magnetic susceptibility analyses (Figure 3.8).
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Figure 3.8. M vs. H plots fitted with PHI of high iron-loaded PDA samples at (A) high Tris concentration (pH ~
9.45, J = 19 cm™, Percent coupled = 62%) and (B) low Tris concentration (pH ~ 7.64, J = -27 cm™, Percent
coupled = 71%).58

A few interesting speculations can be made from these data: i). the simulation closely
resembles the data in the sample prepared at high pH, suggesting that the parameters used to
generate the simulation are similar to those of the actual system (i.e. coupling strength, percent
coupled, anisotropy term); ii). the simulation for the sample prepared at low pH is a poor fit to the
data, suggesting that the approximated parameters of the model and data are dissimilar and
therefore require further optimization.

3.1.6 Magnetization Analysis of Low Iron Concentration Samples
In a similar manner as the high iron loaded samples, the magnetization data obtained for

the low iron loaded PDA samples were “fit” to the simulations generated in PHI using the coupling
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strength value and the percent of coupled metal centers approximated in the magnetic susceptibility

analyses (Figure 3.9).
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Figure 3.9. M vs. H plots fitted with PHI of low iron-loaded PDA samples at (A) high Tris concentration (pH ~
9.77,J = -31 cm™, Percent coupled = 31%) and (B) low Tris concentration (pH ~ 8.61, J = -12 cm™, Percent
coupled = 30%).58

Not unlike the high iron loaded samples, these models for these systems require further
optimization. Nevertheless, the simulation generated for the low iron loaded sample prepared at
low Tris concentrations closely resemble its magnetization behavior, offering strong evidence that

the parameters used are close to the actual values of this system.

CHAPTER 4: CONCLUSIONS AND OUTLOOK

4.1 Conclusion

Polydopamine aggregated nanomaterials were prepared and characterized using
magnetometry to probe the effects of small alterations in the synthetic parameters. Further
corroboration is required, the data offer strong evidence that variations in the buffer concentration

significantly affect the coupling strength between metal centers. Furthermore, preliminary data
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from a study currently in progress indicate that ymT of the material is greatly influenced by the
concentration of iron present in the sample (data not shown), and therefore it is imperative to
optimize the quantification methods. Finally, while further work is required for optimization, a
workable model for the magnetization data has been developed in which the simulated data closely

resembles those of the actual system.
4.2  Forthcoming Work

The results as described in this work show remarkable promise for future investigation of
the electronic structure of synthetic melanins via magnetometry. The following sections describe

proposed studies for the advancement of this work.

4.2.1 Continued Studies of Fe(l11)-loaded PDA Materials
Effect of pH on Magnetic Properties

While the concentration of Tris, and effectively its effect on the pH of the synthesis of the
nanomaterial, appears to influence the magnetic properties of the samples, no clear conclusions
can be drawn at this time. Studies aimed to investigate the effect of various bases and their
concentrations on the behavior of magnetically active metal-doped PDA samples are currently
underway. The samples described in Section 2.1.6 have been prepared for future magnetic analysis
to determine the correlation between coupling strength and base used, if any.

Additionally, because it is unclear whether the difference in coupling strength is due to the
pH of the reaction system during polymer synthesis, the amount of Tris buffer used, or a mixture
of both, future studies aim to magnetically analyze samples prepared using a non-incorporating
base (i.e. phosphate buffer) to determine if pH influences the magnetic behavior of these samples.
Additionally, because it is known that Tris buffer is incorporated into the PDA manifold, studies

varying pH with this buffer will be carried out as well, in which the amount of Tris used to prepared
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the buffer solution remains constant, while the amount of the solvent is varied. The objective of
these studies is two-fold: i) preparing samples with a non-incorporating base will probe the effects
of only pH on the magnetic behavior of the material. If no change occurs, then it can be assumed
that pH is not influential on the coupling strength; ii) however, if a change is observed, then it will
be necessary to determine if the incorporation of Tris has an added effect on the magnetism. If pH
does affect the coupling strength while the incorporation of Tris does not, then a similar coupling
constant should be observed in both experiments at similar pH. If pH does not affect the coupling
strength, but the incorporation of Tris does, the difference in coupling constant, J, between both
experiments should be consistent at each pH. Trends in the effect of both pH and amount of Tris
can then be determined by comparing the results of all three studies.

Determining these effects on the magnetic behavior of these materials may be potentially
advantageous in tuning the strength of antiferromagnetic coupling and may be purposed for other

applications, such as reducing the antiferromagnetic coupling in MRI contrast agents.

4.2.2 Continued Studies of Fe(l1)-loaded PDA Materials
Effects of pH on Magnetic Properties

Ideally, these studies will extend to other oxidation states of multivalent metals, namely
Fe(I). While the objective is to fabricate a metal-PDA system in which all metal centers are Fe(ll),
this may prove to be a formidable challenge as Fe(l1) is readily oxidized by O in the air, especially
in acidic chloride solutions.®® Additionally, O is required for the oxidation of the catechol group
to initiate polymerization and the reaction solution becomes acidic (pH ~2-3) due to the
dissociation of HCI in the dopamine salt starting material. To overcome this challenge, Fe(ll) can
be incorporated into the PDA scaffold using the metal ion exchange strategy in which PDA can be

doped with manganese ions in ambient conditions. To prevent oxidation of the Fe?* ions in
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solution, the ion exchange will occur under inert atmosphere. It is unknown if the Fe?* ions are
oxidized after polymerization, however, this may be probed by comparing the magnetic analyses
of samples prepared by aerobic metal ion exchange and samples prepared by anaerobic metal
exchange against that of the Fe(l11)-PDA samples to determine if there are any notable disparities.

It would also be valuable to optimize the tunability of mixed-valence systems in which the
ratio of Fe(ll) : Fe(lll) can be controlled. Stabilization of all oxidation states of iron would
effectively reduce the energy barrier in redox coupling through the delocalization of charge within
the PDA network, allowing access to different active sites within the manifold, thereby accessing
a plethora of untapped chemistries. Xie et al. demonstrated that Fe(ll)-PDOPA exhibits
peroxidase-esque activity twice as effective than that of Fe(111)-PDOPA via Fenton-like chemistry,
which could potentially be applied to cancer therapies. However, they did note that the Fe(ll)-
PDOPA sample may have undergone partial oxidation in which the Fe(ll) : Fe(lll) ratio is
unknown. ™
4.2.3 Investigation of other Metal-loaded Synthetic Melanin Materials

While methods using Mn(l11)-PDA as a template for metal ion exchange have been
previously reported, it would be interesting to incorporate other oxidation states of manganese and
explore their effects on exchange efficacy. It is currently unknown if the different oxidation states
of manganese have any effect on the overall structure of the PDA polymer, even though these
different oxidation states are likely to influence how the catechol ligands chelate. Additionally,
investigation of other metals that may be beneficial to examine are cobalt, nickel, and copper,
which have all been reported to successfully incorporate into the structure of the polymer. For a

similar reason discussed in Section 4.2.2, stabilization of the various valences of these metals may
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allow access to a variety of chemical activity which have not yet been observed in PDA, offering
further insight into the electronic structure of the material.

Likewise, the effect of different starting monomers, such as L-DOPA and 1,8-
dihydroxynaphthalene (1,8-DHN), on the magnetic properties of these materials has yet to be
explored, especially since the structure, and consequently the polymerization mechanism, of 1,8-
DHN would be starkly different from that of DA or DOPA, which are relatively similar in
structure. Nevertheless, probing each parameter in the preparation of synthetic melanins would be
valuable in thoroughly understand how each variable affects the electronic structure of the

material.

4.2.4 Investigation of the Magnetic Properties of Natural Melanins

One purpose of probing the magnetic properties of synthetic melanins is to gain insight and
refine future studies of the possible structure and function of natural melanins, since natural and
synthetic melanins have been demonstrated to possess several similar properties. It had been
previously discussed that the difficulty of isolation and purification of natural melanins is variable.
However, with the promising magnetic data shown in synthetic melanins, extending these studies
to natural melanins would prove incredibly advantageous in the capability of studying the natural
system directly, namely to what extent these materials are capable of sequestering metal ions from
their environment. Indeed, further study of the form of natural melanins would prove to be
beneficial in understanding, and consequently optimizing, the material’s function purposed for

myriad future applications.
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APPENDIX

Al Supplementary Information
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Figure Al. PDA aggregated materials with high concentrations of iron (A) SEM image; (B) TEM image; (C) DLS
analysis of the hydrodynamic diameter distribution of Fe(l11)-PDA; (D) ymT vs. T plot of Fe(l11)-PDA with high
loadings of iron prepared with Tris concentrations as previously reported.
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Figure A2. PDA aggregated materials with low concentrations of iron (A) SEM image; (B) TEM image; (C) DLS
analysis of the hydrodynamic diameter distribution of Fe(l11)-PDA; (D) ymT vs. T plot of Fe(l11)-PDA with high
loadings of iron prepared with Tris concentrations as previously reported.
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